Our objective was to test the hypothesis that self-assembling peptide hydrogel scaffolds provide cues that enhance the chondrogenic differentiation of bone marrow stromal cells (BMSCs). BMSCs were encapsulated within two unique peptide hydrogel sequences, and chondrogenesis was compared with that in agarose hydrogels. BMSCs in all three hydrogels underwent transforming growth factor-b1-mediated chondrogenesis as demonstrated by comparable gene expression and biosynthesis of extracellular matrix molecules. Expression of an osteogenic marker was unchanged, and an adipogenic marker was suppressed by transforming growth factor-b1 in all hydrogels. Cell proliferation occurred only in the peptide hydrogels, not in agarose, resulting in higher glycosaminoglycan content and more spatially uniform proteoglycan and collagen type II deposition. The G1-positive aggrecan produced in peptide hydrogels was predominantly the full-length species, whereas that in agarose was predominantly the aggrecanase product G1-NITEGE. Unique cell morphologies were observed for BMSCs in each peptide hydrogel sequence, with extensive cell-cell contact present for both, whereas BMSCs in agarose remained rounded over 21 days in culture. Differences in cell morphology within the two peptide scaffolds may be related to sequence-specific cell adhesion. Taken together, this study demonstrates that selfassembling peptide hydrogels enhance chondrogenesis compared with agarose as shown by extracellular matrix production, DNA content, and aggrecan molecular structure.
Introduction

B
one marrow stromal cells (BMSCs) have been widely used as a cell source for tissue engineering strategies aimed at resurfacing articular cartilage. [1] [2] [3] Significant progress has been made demonstrating the potential for BMSCs to undergo chondrogenesis and produce a cartilage-like extracellular matrix (ECM) when encapsulated in a variety of three-dimensional (3D) scaffolds including agarose, 4 ,5 alginate, 6 collagen type I, 7, 8 gelatin=albumin, 9 and silk elastin, 10 but challenges in the use of BMSCs in the repair of cartilage defects still remain. 11, 12 Improvements in BMSC chondrogenesis and eventual clinical use appear to require optimization of many factors. Among these is the current belief that the scaffold must provide the appropriate cell microenvironment and differentiation cues. 13 An ideal cartilage tissue engineering scaffold should be biocompatible, allow for cell adhesion, migration, and proliferation, and have sufficient porosity and hydration to permit nutrient and waste product flow. It should also stimulate production of an in vivo-like cartilage matrix with the appropriate celldependent turnover pathways. Finally it should be able to fill irregular defects, integrate effectively with the native recipient tissue, and degrade with the appropriate resorption kinetics. 11, 13 Self-assembling peptides are a relatively new class of molecules that have the capacity to form stable hydrogels and encapsulate viable cells for potential therapeutic applications. [14] [15] [16] One type of these peptides consists of short oligomers of alternating hydrophilic and hydrophobic residues that trigger self-assembly upon exposure to physiologic pH and ionic strength. 16 These peptides are completely synthetic, which avoids the potential pathogenicity of animal-derived materials. 17 Additionally, their rapid selfassembly enables cell encapsulation and irregular defect filling in both in vitro and in vivo applications. By varying the peptide sequence, hydrogel mechanical stiffness 18, 19 and cell-scaffold adhesion 20 can be controlled, enabling the design of scaffolds optimized for use in cell-based cartilage, completed a 12-week rabbit study and found that upon injection of peptide alone or with BMSCs into a critically sized defect in the trochlear groove, the peptide self-assembled into a gel scaffold in situ with sufficient mechanical integrity to withstand subsequent joint articulation. 27 A successful cartilage repair therapy ultimately must generate a tissue with comparable ECM biochemistry and biomechanics to native tissue. Also, it will likely require that cues are provided to guide the BMSCs to closely mimic the temporal sequence of genetic, biochemical, and biophysical events in native chondrogenesis. 28, 29 It is thus important that a detailed analysis of chondrogenesis for any cell-based therapy be performed in vitro as an assessment of its potential repair capacity in vivo. Measurements include chondrogenic gene expression at initial and subsequent timepoints, 30 characterization of early time-dependent changes in cell morphology, 7 quantification of cell content, 6 production and analysis of secreted ECM components, 5, 31 and assessment of both anabolic and catabolic ECM processing. 32 Previous reports have used these analytical techniques to demonstrate how altering the cell microenvironment impacts BMSC chondrogenesis and neotissue formation. 6, 30, 33 The objective of this study was to evaluate whether two different peptide hydrogels, KLD12 ([KLDL] 3 ) and RAD16-I ([RADA] 4 ), provided sequence-specific mechanical or adhesion cues that enhance transforming growth factor-b1 (TGFb1)-stimulated chondrogenesis of BMSCs as compared with agarose hydrogel culture. Agarose was chosen as a reference because of its extensive use to study chondrocyte biology in 3D culture [34] [35] [36] and to evaluate progenitor cell differentiation. 4, 22, 23, 32 Real-time reverse transcription-polymerase chain reaction (RT-PCR) was used to quantitatively assess expression of genes important for differentiation and ECM production. Neotissue cell content was measured by construct DNA content. The synthesis rate and accumulation of newly secreted ECM were also assessed biochemically. Changes in cytoskeleton morphology were characterized via F-actin imaging, and immunohistochemistry and immunoblotting were used to determine the type of ECM molecules and catabolic products. Timepoints for this study were chosen from 1-21 days of culture with the goal of understanding how peptide sequence impacts the initial stages of chondrogenesis.
Materials and Methods
Materials
Low-melting point agarose was from Invitrogen (Carlsbad, CA). KLD12 peptide with the sequence AcN-(KLDL) 3 -CNH 2 was synthesized by the MIT Biopolymers Laboratory (Cambridge, MA) using an ABI Model 433A peptide synthesizer with 9H-fluoren-9-ylmethoxycarbonyl (FMOC) protection. RAD16-I peptide with the sequence (RADA) 4 was a gift of Puramatrix from 3DM (Cambridge, MA). All other materials were purchased from the suppliers noted below.
Cell isolation and expansion
BMSCs were isolated as described previously. 5 Briefly, bone marrow was harvested aseptically from three newborn bovine calves (Research 87, Marlborough, MA). Following centrifugation at 1000 g for 15 min, the cell pellet was washed in phosphate-buffered saline (PBS) and plated at 1Â10 6 mononuclear cells=cm 2 in expansion medium consisting of low-glucose Dulbecco's modified Eagle's medium with 10% embryonic stem cell qualified fetal bovine serum (ES-FBS) (Invitrogen), 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid (HEPES), and Penicillin streptomycin amphotericin (PSA) (100 U=mL penicillin, 100 mg=mL streptomycin, and 250 ng=mL amphotericin) plus 1 ng=mL basic fibroblast growth factor (bFGF) (R&D Systems, Minneapolis, MN). Nonadherent cells were removed by a medium change after 48 h, and colonies were harvested with 0.05% trypsin=1 mM ethylenediaminetetraacetic acid (Invitrogen) after approximately 7 days (passage 0) and cryopreserved. Before peptide hydrogel encapsulation, cells were thawed and plated at 6Â10 3 =cm 2 in expansion medium plus 5 ng=mL Basic fibroblast growth factor (bFGF). After 3 days, cells were detached at *3Â10 4 cells=cm 2 (passage 1) and reseeded at 6Â10 3 =cm 2 . This expansion was repeated during the subsequent 3 days after which cells were detached for encapsulation in 3D peptide hydrogels.
Hydrogel encapsulation and culture
BMSCs were encapsulated in 0.5% or 2% (w=v) low-melting point agarose, 0.35% (w=v) KLD12 peptide, or 0.5% (w=v) RAD16-I peptide at a concentration of 10 7 cells=mL. The different concentrations for the self-assembling peptides were chosen so that initially the hydrogels would have similar mechanical characteristics, 19, 20 and 2% agarose was selected for comparison with previously published studies. 4, 5, 22, 32 Hydrogel discs with 50 mL initial volume were cast in neutralbuffered, acellular agarose molds to initiate self assembly ( Fig. 1 ) and cultured in high-glucose Dulbecco's modified Eagle's medium (Invitrogen) supplemented with 1% 1.0 mg=ml insulin, 0.55 mg=ml transferrin, 0.5 mg=ml sodium selenite, 50 mg=ml bovine serum albumin, and 470 mg=ml linoleic acid (ITS þ 1) (Sigma-Aldrich, St. Louis, MO), 0.1 mM dexamethasone (Sigma-Aldrich), 37.5 mg=mL ascorbate-2-phosphate (Wako Chemicals, Richmond, VA), PSA, HEPES, Proline, and non-essential amino acids (NEAA), with (þTGF -FIG. 1 . Cell encapsulation and self-assembly mold. The acelluar-agarose annulus mold is made by injecting 2% agarose into a custom, autoclavable frame. Fifty microliters of cell-hydrogel suspension (bone marrow stromal cells [BMSCs] in RAD16-I, KLD12, or agarose) is then injected into the center to initiate self-assembly.
466
KOPESKY ET AL.
b1) or without (Cntl) 10 ng=mL recombinant human TGF-b1 (R&D Systems), with medium changes every 2-3 days.
Histology and immunohistochemistry
Hydrogels were fixed in 10% neutral-buffered formalin overnight at 48C. For F-actin staining, 3D hydrogel samples were sliced to *700-mm thick and permeabilized in PBS with 0.1% Triton-X at room temperature for 1 h. Samples were washed two to three times with PBS and stained for 1 h at room temperature with Texas Red-conjugated phalloidin to show F-actin fibers and Hoechst dye to observe cell nuclei. Samples were washed two to three times with PBS and imaged with a Nikon Eclipse fluorescent microscope or with a Zeiss LSM510 confocal microscope. For ECM staining, formalin-fixed hydrogels were embedded in paraffin and sliced to 7 mm using a sledge microtome (Leitz, Wetzlar, Germany). Sections were deparaffinized, treated with 0.1% pepsin for 30 min, rinsed with tris buffered saline (TBS), treated with 0.6% H 2 O 2 in methanol, and rinsed again with TBS. Samples were then treated with either mouse anti-collagen type II IgG (Clone CII C1, developmental studies hybridoma bank (DSHB), 1:1000 in TBS) or mouse anti-collagen type I IgG (diluted 1:1000 in TBS; Sigma-Aldrich) for 1 h. 37 After incubation with rabbit antimouse IgG (horseradish peroxidase conjugated, diluted 1:200 in TBS containing 1% bovine serum, P0260; Dako, Glostrup, Denmark) for 30 min, the sections were rinsed and incubated for 30 min with goat anti-rabbit IgG (horseradish peroxidase conjugated, diluted 1:100 in TBS containing 1% bovine serum, P0448; Dako). Samples were stained with diaminobenzidine (DAB kit; Vector Laboratories, Burlingame, CA), and cell nuclei were counterstained with Mayer's hemalum. Finally, stained samples were embedded on microscope slides, using Aquatex (KGaA; Merck, Darmstadt, Germany). Additional sections were stained for proteoglycans using Toluidine Blue dye solution (0.0714% Toluidine Blue, Merck; 0.0714% pyronin Y, Fluka, Basel, Switzerland; and borax [0.143% di-sodium-tetra-borate], Merck) for 6 min as previously described. 21 For cell adhesion and spread area analyses, soluble KLD12 or RAD16-I (500 mg=mL in tissue culture water) was incubated overnight at 378C in nontreated polystyrene culture plates. Plates were washed thoroughly with water and then incubated for at least 1 h with the ITSþ media described above. BMSCs at 1.2Â10 4 cells=cm 2 were cultured for 2 h in TGFb1-containing medium before being fixed and processed for cytoskeletal imaging as described above. Five random fields were imaged using a Nikon Eclipse fluorescent microscope, and the cell area and number of cells per field were measured with the Matlab Image Processing Toolbox (The MathWorks, Natick, MA).
Real-time RT-PCR
RNA was extracted as described previously. 38 BMSCseeded hydrogel discs were flash frozen in liquid nitrogen, pulverized, and homogenized in TRIzol reagent (Invitrogen). RNA was extracted using an RNeasy Mini Kit (Qiagen, Valencia, CA) and quantified using a Nanodrop 1000 Spectrophotometer (Agilent Technologies, Santa Clara, CA). Absorbance measurements at 260 nm were used to determine the RNA concentration, and 1 mg of each sample was reverse transcribed using the AmpliTaq-Gold Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Real-time RT-PCR was performed using the Applied Biosystems 7900HT and SYBR Green Master Mix (Applied Biosystems). Expression of type I collagen, type II collagen, aggrecan, SOX9, osteocalcin, PPAR-g, and 18S was quantified using previously published primer sequences. 6, 38, 39 For each timepoint and hydrogel sample, gene expression levels were first normalized by the corresponding 18S level for that sample and then normalized by levels expressed by BMSC samples taken immediately before hydrogel encapsulation (day 0). 40 
Biochemistry
During the final 24 h of culture at each timepoint, medium was additionally supplemented with 5 mCi=mL of 35 S-sulfate and 10 mCi=mL of 3 H-proline to measure cellular biosynthesis of proteoglycans and proteins, respectively. Upon completion of culture, four 30-min rinses in excess nonlabeled sulfate and proline were performed for all samples to wash out free radiolabel. Hydrogels were then weighed wet, lyophilized, and weighed dry. Samples were digested in 0.25 mg=mL proteinase-K (Roche Applied Science, Indianapolis, IN) overnight at 608C. Digested samples were assayed for total retained sulfated glycosaminoglycan (sGAG) content by 1.9-dimethylmethylene blue (DMMB) dye binding assay, 41 DNA content by Hoechst dye binding, 42 and radiolabel incorporation with a liquid scintillation counter. Conditioned culture medium collected throughout the study was also analyzed for sGAG content by DMMB dye binding.
Aggrecan extraction and Western analysis
Aggrecan was extracted from hydrogel discs and analyzed as described previously. 43 Hydrogel discs were saturated with PBS and Complete Protease Inhibitors (Roche) and frozen at À208C until extraction. Gels were extracted for 48 h in 4 M guanidinium hydrochloride, deglycosylated, and the resulting digest was lyophilized. Samples were reconstituted, and 20 mg sGAG=lane was run on a 4-15% Tris-HCl gel at 100 V for 1 h. Proteins were transferred to a nitrocellulose membrane and probed with affinity-purified antibodies for aggrecan G1 domain ( JSCATEG) 43 or to a polyvinylidene fluoride (PVDF) membrane and probed with a monoclonal antibody for the aggrecanase-generated NITEGE neoepitope (kindly provided by Carl Flannery and Wyeth, Inc., Cambridge, MA). 44 
Statistical analysis
All biochemical and hydrogel mass data were reported as mean AE standard error of the mean with four samples from each of the three animals (n ¼ 12). RT-PCR results are reported as mean AE standard error of the mean using pooled samples from n ¼ 3 animals. Data were analyzed by a mixed model of variance with animal as a random factor. Residual plots were constructed for dependent variable data to test for normality and data were transformed if necessary to satisfy this assumption. Post hoc Tukey tests for significance of pairwise comparisons were performed with a threshold for significance of p < 0.05.
Results
Chondrogenic, osteogenic, and adipogenic gene expression
Evidence that chondrogenesis occurred in all three hydrogels was provided by the upregulation of three cartilageassociated genes, type II collagen, aggrecan, and SOX-9 ( Fig.  2B-D) . As expected, TGF-b1 supplementation stimulated >100-fold upregulation of type II collagen and >1000-fold upregulation of aggrecan by day 4, with maximum upregulation at day 9 of >1000-fold and nearly 10,000-fold for type II collagen and aggrecan, respectively. In contrast, type I collagen, which is expressed by undifferentiated BMSCs and early in chondrogenesis, 29 was upregulated just 10-fold by day 4 with no further significant upregulation detected ( Fig. 2A) . Upregulation of type II collagen and aggrecan also occurred in control medium, but the magnitude was 10-to 100-fold lower than with TGF-b1 (Fig. 2B, C) . No upregulation of type I 
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collagen or SOX-9 was seen in control medium. In all cases, these data showed no differences among the scaffolds, resulting in a similar overall gene expression pattern.
Neither osteogenic nor adipogenic gene expression was observed in any of the scaffolds. No significant differences were seen among scaffolds or medium conditions for osteocalcin, a marker for osteogenesis. At day 1, osteocalcin was downregulated by nearly fourfold (Fig. 2E) , but returned to baseline on days 4 through 9, and finally dropped again on day 14 to an average of threefold below day 0 levels. PPAR-g expression, a marker for adipogenesis, was upregulated in control medium at days 4, 7, 9, and 14 by *fivefold in all three scaffolds (Fig. 2F) ; however, the addition of TGF-b1 reduced its expression to nearly baseline levels at all timepoints.
Hydrogel DNA content, sGAG content, and ECM biosynthesis Increases in DNA content were stimulated by TGF-b1-supplemented medium for both peptide hydrogels, but not in agarose, throughout the entire culture period (Fig. 3A,  p < 0.05) . This resulted in significantly higher DNA content for RAD16-I peptide than for agarose at all timepoints ( p < 0.001) and higher DNA content for KLD12 than for agarose cultures at days 14 and 21 ( p < 0.001). In addition, DNA content increased with time for both RAD16-I and KLD12 discs cultured in TGF-b1-supplemented medium resulting in significantly higher DNA content at day 21 versus day 7 ( p < 0.001).
TGF-b1 stimulated a *fivefold increase in sGAG content of all scaffolds at day 7 (Fig. 3B, p < 0.001) and a >10-fold increase at days 14 and 21 ( p < 0.001) relative to controls. sGAG content increased with time for all three hydrogels through day 14 ( p < 0.001). However, sGAG content only increased from day 14 to day 21 for the RAD16-I and KLD12 peptide hydrogels ( p < 0.001) resulting in nearly twofold higher sGAG content for both peptides compared with agarose ( p < 0.005). The percentage of sGAG retained in agarose hydrogels decreased with time in culture and was significantly lower compared with RAD16-I or KLD12 peptides at day 21 ( Table 1 , p < 0.001). In contrast, both RAD16-I and KLD12 peptides maintained constant sGAG retention throughout the culture period (Table 1 ) with modestly higher retention levels for RAD16-I peptide compared with KLD12 ( p < 0.05).
Protein biosynthesis rates normalized to DNA content were four-to ninefold higher with TGF-b1 supplementation throughout the entire culture period (Fig. 3C , p < 0.001), and decreased with time by a factor of 2-3 for day 21 versus day 7 in all three hydrogels ( p < 0.005). No differences in protein biosynthesis were seen among the three hydrogels. TGF-b1 stimulated 2-to 10-fold higher 35 S-proteoglycan biosynthesis rates at all timepoints in all three hydrogels (Fig. 3D , p < 0.01). Surprisingly (given the higher final sGAG content of the peptide hydrogels), 35 S-proteoglycan biosynthesis, on a per-DNA basis, was threefold higher for agarose than for RAD16-I peptide on day 7 ( p < 0.001). However, proteoglycan biosynthesis increased in RAD16-I peptide by day 14 ( p < 0.05) (when proliferation had essentially stopped), and no significant differences were seen among the three hydrogels in TGF-b1-supplemented medium at days 14 or 21.
Hydrogel wet weights and compaction
BMSCs compacted both peptide hydrogels 50-60% within the first week of culture in the presence of TGF-b1 as assessed by changes in wet mass (Fig. 3E) . No further compaction was observed after 1 week. In control medium, compaction of both peptide hydrogels was 30-45% in the first week with no further compaction at later timepoints. No compaction was observed in 2% agarose hydrogels in either medium condition. However, in a separate experiment, when the agarose hydrogel concentration was reduced from 2% to 0.5% w=v, BMSCs with TGF-b1 compacted hydrogels by 69% in the first week with no further compaction at later timepoints (data not shown).
Hydrogel histology-accumulation of proteoglycans and collagen types I and II
Spatially uniform, metachromatic staining for the presence of sGAG was observed throughout both RAD16-I and KLD12 peptide hydrogels by day 21; in agarose, however, staining was largely confined to the immediate pericellular matrix (Fig. 4A) . Positive type II collagen staining was also more intense and uniformly distributed throughout the RAD16-I and KLD12 peptide hydrogels than in the agarose, where again it was mainly in the pericellular matrix (Fig. 4B) . Less intense nonuniform type I collagen staining was also visible in both peptide hydrogels, primarily in cell-associated regions, whereas little or no staining was seen in agarose hydrogels (Fig. 4C) .
Aggrecan Western blot
GuHCl extracts from all three hydrogels revealed the presence of a large macromolecular species as detected by anti-G1 aggrecan Western blotting, running at the molecular weight of full-length aggrecan (>250 kDa, Fig. 5A ). In both RAD16-I and KLD12 hydrogels, this full-length aggrecan was the predominant species detected, whereas in agarose hydrogels a doublet band near 65 kDa was the major immunoreactive product detected. The 65 kDa species was confirmed to be the aggrecanase-generated NITEGE neoepitope (Fig. 5B) , suggesting the virtual absence of aggrecanase activity in the peptide gels in contrast with high aggrecanase activity in agarose. Since the agarose hydrogels nonetheless accumulated quite high levels of sGAG, it is possible that chondroitin sulfate (CS)-rich, non-G1-containing catabolic products of aggrecanase activity are retained in agarose, whereas these cleavage products are normally lost from cartilage explants. 45 Cell and actin morphology Spherical, isolated, uniformly seeded cells were observed in all the three scaffolds immediately after casting on day 0 (Fig. 6A ) in both medium conditions (þTGF-b1 and Cntl). By day 4 in TGF-b1-supplemented medium, distinct morphologies were apparent in each of the hydrogels (Fig. 6B) . Cell-cell contact appeared to be a feature for both peptide hydrogels with a spread, networked morphology in RAD16-I peptide and a clustered morphology in KLD12 peptide. In control medium, cell spreading and apparent cell-cell contact were observed in both peptide hydrogels, similar to but less extensive than the respective þTGF-b1 conditions (data not shown). At day 4, cells in agarose in both medium conditions maintained the same spherical, isolated morphology as at day 0, suggesting that these cells did not reorganize their actin cytoskeleton (Fig. 6B) . Despite these early differences, cells in all the three hydrogels cultured with TGF-b1 had a more chondrocyte-like rounded morphology by day 21 (Fig. 6C) , showing that the apparent cell-cell contact seen at day 4 in peptide hydrogels was a temporary feature. Using confocal microscopy, this predominantly rounded cell morphology was confirmed for all the three scaffolds at day 21 (Fig. 2D) . To investigate the differences in BMSC morphol- Mean AE standard error of the mean; a,b,c,d, versus day 7, day 14, agarose, and RAD, respectively, p < 0.05.
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ogy in RAD16-I and KLD12 hydrogel culture further, BMSCs were seeded onto polystyrene surfaces with adsorbed RAD16-I or KLD12 peptide monomers. After 2 h, cells attached and spread to a significantly greater degree on RAD16-I surfaces than KLD12 (Fig. 7A) . Quantitative image analysis showed greater numbers of attaching cells per field, and more than double the area per cell, on RAD16-I peptide than on KLD12 surfaces (Fig. 7B ).
Discussion
The capacity for self-assembling peptide hydrogels to support and enhance chondrogenesis of 3D-encapsulated BMSCs was compared with that in agarose hydrogel culture. Both the DNA content and the accumulation of a cartilagelike ECM were higher for TGF-b1-stimulated BMSCs in RAD16-I and KLD12 hydrogels than in agarose. Several recent reports have shown similar concomitant increases in ECM production and BMSC proliferation in pellet culture 46 as well as with encapsulation in agarose 47, 48 and polyethylene glycol (PEG) hydrogels 49 through manipulation of the cellular microenvironment. Due to compaction of both peptide hydrogels, but not agarose, normalization of data to wet mass (Fig. 3) would exaggerate the higher DNA content and ECM accumulation for peptide hydrogels. Thus, the motivation for presenting the data on a per-hydrogel sample basis was to allow for a direct comparison of the neotissue construct in each hydrogel given an equal initial cell content and hydrogel size. The results are consequently consistent with a recent report where wet mass-normalized KLD12 peptide hydrogels had higher sGAG content than agarose hydrogels, 23 but are in contrast with the findings of Erickson et al., 22 which report higher sGAG content in agarose than in RAD16-I hydrogels.
Two major chondrogenic ECM genes, type II collagen and aggrecan, were upregulated by over three orders of magnitude in all three hydrogels in the presence of TGF-b1 (Fig. 2) . Consistent with recent reports on chondrogenesis of BMSCs in pellet, 50,51 agarose, 5,52 PEG, 30 and alginate 6, 53 culture, the sharpest increases in mRNA transcript levels for type II collagen and aggrecan occurred during the first 3-7 days of culture, and transcript levels were nearly flat during the second week of culture (Fig. 2) . Type I collagen, an important ECM molecule during early chondrogenesis in the developing limb bud, 28, 29 was upregulated at day 4 with TGF-b1, but by substantially less than either type II collagen or aggrecan. SOX9 transcript levels were an order of magnitude higher with TGF-b1 by day 7, also consistent with recent reports in alginate. 6, 30 Markers for osteogenesis (osteocalcin) and adipogenesis (PPAR-g) were unchanged from their day 0 undifferentiated values in the presence of TGF-b1, demonstrating specific chondrogenic differentiation. Given that changes in cell morphology, hydrogel compaction, and the resulting cell-cell contacts occurred in peptide hydrogels during the first week of culture, and that concomitant upregulation of chondrogenic genes occurred in both agarose and peptide hydrogels during the first week, it is likely that critical cell differentiation decisions occur within the first few days after BMSC encapsulation in 3D culture and exposure to TGF-b1.
sGAG retention in agarose hydrogels dropped dramatically in the final week of culture but was maintained in both peptides. This is in contrast to sGAG release from chondrocyte-seeded agarose cultures, which is constant over time, 34 but consistent with our results showing no additional accumulation of sGAG in agarose in the final week. sGAG accumulation in both peptide hydrogels, however, significantly increased during this time. Thus, while BMSCs in agarose and peptide hydrogels had similar DNA-normalized proteoglycan synthesis rates, the sGAG produced in agarose cultures was preferentially lost to the medium while that in peptide cultures was retained. This was consistent with the Toluidine Blue staining that indicated more uniform negative charge content in the peptide gels compared with agarose cultures. The potential mechanisms for these differences in sGAG retention may be catabolic (i.e., the action of proteases cleaving aggrecan and thereby increasing release of sGAG) or antianabolic (i.e., the relative lack of production of ECM components necessary for aggrecan-sGAG retention such as link protein and=or hyaluronan, or the lower ECM density in agarose due to compaction differences). To further understand the relative importance of these contrasting mechanisms, Western analysis with anti-G1 aggrecan antiserum and anti-NITEGE neoepitope antibody was performed on hydrogel protein extracts (Fig. 5A, B) . Results showed a doublet at *65 kDa as the dominant product in the agarose hydrogels samples only, which was confirmed to be the aggrecanase-generated NITEGE neoepitope-containing fragment. 45 Thus, an apparent high level of catabolic enzyme activity may have led to the observed decrease in sGAG retention in agarose, suggesting an important difference between the chondrogenic programs executed in agarose and peptide hydrogels or an anticatabolic property of the peptide hydrogel scaffolds.
The three distinct cytoskeletal morphologies observed during the first week of culture suggest that unique biophysical signals are generated in each hydrogel. The mechanisms responsible for these differing cell morphologies are not known but may include the state of differentiation of the cells, the scaffold mechanical stiffness, and cell-scaffold adhesion. 28 For example, the equilibrium modulus of 2% agarose is *10 kPa, 34, 35 which is approximately 10-fold higher than RAD16-I (*1 kPa storage modulus), 19 while RAD16-I and KLD12 have stiffness values within 25% of each other. 20 The stiffer agarose thus likely confines cells to a spherical morphology and prevents cell-mediated hydrogel compaction, consistent with recent reports in which BMSC-seeded 2% agarose maintained nearly constant volume and did not compact during long-term culture. 4, 22 To test this hypothesis, we reduced the agarose concentration to 0.5%, which reduces the compressive modulus to the same order of magnitude as both peptides. 35 BMSCs seeded into this 0.5% agarose compacted hydrogels by 69% supporting the concept that hydrogel mechanical properties can be important in 
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this system. However, since cell-scaffold interactions are likely not significant in agarose, this result suggests that the newly secreted ECM or cell-cell interactions may be involved in hydrogel compaction in the agarose system. Since the stiffness of RAD16-I and KLD12 is similar, 20 differences in cell-scaffold adhesion or cell differentiation are likely more important for explaining the differences between the network of cell-cell contacts observed in RAD16-I and the multicell clusters in KLD12. To investigate this possibility, BMSCs were seeded onto 2D peptide-coated surfaces. More cells per field and greater spread area per cell were observed for BMSCs on RAD16-I than on KLD12 during 2-h adhesion experiments (Fig. 7) . A recent report on human umbilical vein endothelial cell (HUVEC) adhesion and spreading on RAD16-I and KLD12 hydrogels 19 also showed more cells attaching and greater spreading per cell when seeded on RAD16-I compared with KLD12 hydrogels. These differences in adhesion are consistent with the 3D scaffold effects observed here, where more intimate cell-scaffold contact created by the network morphology in RAD16-I may be due to greater cell-scaffold adhesion, whereas cell clusters in KLD12 may result from weaker cell-scaffold interactions.
Despite these peptide-sequence-specific morphological differences, we were not able to quantify differences in chondrogenesis by the measurement of cartilage gene expression or ECM production in this study. Nonetheless, the importance of the cell microenvironment niche in BMSC differentiation state 54 suggests that differences in chondrogenesis likely exist given the dramatic contrast between spread network and clustered morphology in RAD16-I and KLD12, respectively. Due to the microenvironment control provided by modulating peptide sequence, these hydrogels are a powerful tool for the study of the BMSC niche and chondrogenesis. Further as understanding is gained about how the BMSC microenvironment affects chondrogenesis, self-assembling peptides can be functionalized with adhesion and signaling motifs 55, 56 to enable precise control of progenitor cell differentiation. 55, 57 Two features seen in common to both peptides, but not 2% agarose, were hydrogel compaction and extensive cell-cell contact. In a recent review of biophysical signals in prenatal chondrogenic condensations, Knothe Tate et al. 28 reported that increasing cell density and cell-cell contact stimulates mitotic activity. Further, the formation of cell condensations amplifies the number of cells that subsequently undergo overt chondrogenesis. 58, 59 Thus, greater cell proliferation in both RAD16-I and KLD12 peptide hydrogels compared with agarose, as evidenced by higher DNA content, may be stimulated by cell-cell contact and the increased cell density generated by compaction of the peptide scaffolds. Interestingly, a similar effect of compaction-stimulated mitotic activity was observed for chondrocytes seeded in a collagen-GAG scaffold. 60 The importance of scaffold design in promoting chondrogenesis of BMSCs for cartilage tissue engineering has been demonstrated in this study via differences in ECM protein production, retention, and cell morphology. Peptide hydrogels enhanced early chondrogenesis compared with agarose, and unique signals generated by each peptide sequence subtly altered the chondrogenic differentiation program. In addition to the importance of scaffold-generated, biophysical signals, TGF-b1 was a critical biochemical signal necessary to promote chondrogenesis. By further optimizing self-assembling peptide hydrogels, it may be possible to incorporate biochemical signals into the scaffold. 26 Additionally, self-assembling peptide hydrogels can successfully facilitate the generation of cartilage neotissue when seeded with an adult equine BMSC source 23, 61 as well as the newborn bovine BMSC source described here. Thus, these materials have the potential to incorporate both the appropriate biophysical and biochemical chondrogenic stimuli for multiple species and ages, making them a promising candidate scaffold for use in a clinically feasible, cartilage repair therapy.
